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Zygotic gene activation (ZGA) de®nitely occurs by the 2-cell stage in the mouse embryo. Analysis of protein synthesis by
two-dimensional gel electrophoresis reveals a class of genes whose expression transiently increases in the 2-cell embryo.
Although the paucity of biological material has prevented a systematic identi®cation of these genes, the mRNA differential
display method circumvents this problem. Using this approach we ®nd a transient increase in the mRNA abundance of
the translation initiation factor eIF-4C that is inhibited by a-amanitin and correlated with a transient increase in the
relative rate of protein synthesis for eIF-4C. We con®rm the transient increase in eIF-4C mRNA abundance by a reverse
transcription±PCR-based assay using eIF-4C-speci®c primers. The ®rst round of DNA replication seems critical for eIF-4C
expression, since addition of aphidicolin prior to S phase in the 1-cell embryo inhibits the magnitude of the increase in
eIF-4C expression. Aphidicolin treatment also inhibits the synthesis of an accepted marker for ZGA, the transcription-
requiring complex (TRC), which is also transiently expressed during the 2-cell stage. Incubating late 1-cell/early 2-cell
embryos in medium containing aphidicolin reveals that the second round of DNA replication is not required for the increase
in eIF-4C expression but DNA replication is required for the decrease in both eIF-4C expression and TRC synthesis. The
decrease in eIF-4C expression, however, does not require cytokinesis or mitosis, since it occurs when 2-cell embryos are
cultured in the presence of cytochalasin D or nocodazole, respectively. Changes in chromatin structure may be involved
in the decrease in both eIF-4C and TRC expression, since neither decrease occurs when 2-cell embryos are cultured
in trapoxin, which is a speci®c and irreversible inhibitor of histone deacetylase. Results of these experiments suggest that
the ®rst round of DNA replication is permissive with respect to ZGA and that the second round is repressive.
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INTRODUCTION mRNAs (Taylor and PikoÂ , 1987; Manejwala et al., 1991),
mouse embryos have clearly begun the maternal to zygotic
control of development by the 2-cell stage. More recentBased on the synthesis of a-amanitin-sensitive polypep-
evidence suggests that the late 1-cell embryo is transcrip-tides (Flach et al., 1982, Bensaude et al., 1983; Conover
tionally active (Latham et al., 1992; Ram and Schultz, 1993;et al., 1991) and the increase in the abundance of speci®c
Matsumoto et al., 1994; Christians et al., 1995; Bouniol et
al., 1995) and that the male pronucleus may foster a higher
level of transcription than the female pronucleus (Ram and1 Current address: Department of Obstetrics and Gynecology,
Schultz, 1993; Wiekowski et al., 1993; Bouniol et al., 1995).Room 9-L19, University of Western Ontario, 339 Windermere
Road, London, Ontario N6A 5A5, Canada. The onset of transcription in the zygote, otherwise known
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as zygotic gene activation (ZGA), results in the replacement expression transiently increases during the 2-cell stage by
comparing the ampli®cation product pro®les in 1-cell, midof maternal transcripts that are degraded during oocyte mat-
uration and that are common to both the oocyte and em- 2-cell, and late 2-cell/4-cell embryos.
Using this approach, we observe several cDNAs whosebryo, as well as the generation of transcripts that are not
present in the oocyte (Schultz, 1993, and references therein). expression transiently increases during the 2-cell stage. Se-
quence analysis of one such cDNA reveals it to be theZGA is ostensibly the ®rst major developmental hurdle that
the preimplantation embryo must surmount since inhib- mouse homolog of the human translation initiation factor
eIF-4C. This transient expression pattern, which is inhib-iting transcription in the 2-cell embryo prevents cleavage
to the 4-cell stage (Golbus et al., 1973; Flach et al., 1982). ited by a-amanitin and occurs whether the embryos are
cultured in vitro or develop in vivo, was con®rmed by usingResults of experiments using high-resolution two-dimen-
sional gel electrophoresis indicate that following ZGA some a reverse transcription±polymerase chain reaction (RT±
PCR) assay (Temeles et al., 1994). The transient increasegenes are constitutively activated, e.g., actin, whereas oth-
ers reveal a transient increase in expression that is restricted in eIF-4C mRNA abundance is associated with a transient
increase in the relative rate of eIF-4C protein synthesis.to the 2-cell stage (Latham et al., 1991). Moreover, results
of that study reveal that some 38 of 1500 polypeptides ana- Inhibiting the ®rst round of DNA replication with aphidi-
colin inhibits the increase in eIF-4C expression, as well aslyzed manifest a transient increase that is restricted to the
2-cell stage. Of these polypeptides, one group is a family of that of the TRC. In contrast, inhibiting DNA synthesis in
the 2-cell embryo with aphidicolin does not prevent thestructurally related proteins of Mr 70,000 whose synthesis
can constitute up to 4% of total protein synthesis (Conover increase in expression of eIF-4C but does inhibit the de-
crease in expression of both eIF-4C and the TRC that occurset al., 1991; Latham et al., 1991). Neither the identity nor
the function of these proteins, whose synthesis is inhibited between the 2-cell and 4-cell stages. The decrease for both
eIF-4C and the TRC is also inhibited by culturing 2-cellby a-amanitin and referred to as the transcription-requiring
complex (TRC) (Conover et al., 1991), is known. embryos in medium containing trapoxin, which is an irre-
versible inhibitor of histone deacetylase (Kijima et al.,The molecular basis for the regulation of the onset of
ZGA of genes that are expressed either constitutively or 1993). Inhibiting cell cycle progression with either cytocha-
lasin D, which permits karyokinesis but inhibits cytokine-stage-speci®cally is poorly understood. The observation
that the 1-cell embryo is transcriptionally active by G2 sug- sis, or nocodazole, which disrupts microtubules and arrests
the blastomeres in M phase, does not inhibit the decreasegests that events which occur following fertilization but
prior to cleavage are critical in this process. Nevertheless, in the abundance of eIF-4C transcripts.
analysis of expression of plasmid-borne reporter genes sug-
gests that the ®rst mitosis may have profound effects on the
promoter and enhancer requirements for gene expression MATERIALS AND METHODS
(Wiekowski et al., 1991; Henery et al., 1995). Although the
results using plasmid-borne reporter genes have provided Embryo Collection and Culture
much information regarding the regulation of gene expres- One-cell embryos were collected from superovulated CF-I mice
sion in the preimplantation embryo (Wiekowski et al., 1991, (Harlan) mated to B6D2F1/J males (Jackson Laboratory) and syn-
1993; Ram and Schultz, 1993; Christians et al., 1994), analy- chronized as previously described (Ram and Schultz, 1993); the
sis of the regulation of expression of an endogenous gene, collecting medium was bicarbonate-free minimal essential me-
dium (Earle's salts) supplemented with pyruvate (100 mg/ml), genta-especially one expressed in a transient manner, would be
micin (10 mg/ml), polyvinylpyrrolidone (3 mg/ml), and 25 mMideal.
Hepes, pH 7.2 (MEM/PVP). Brie¯y, following collection of the fer-The inherent limitation of the amount of biological mate-
tilized eggs, those containing a visible pronucleus were discarded.rial has previously restricted the ability of investigators to
The remaining cells were examined every 30 min and those thatidentify such transiently expressed genes, unless their iden-
formed a pronucleus were culled and used for the experiments de-tity was serendipitously discovered (e.g., U2afbp-rs, which
scribed below. Embryo culture was conducted in KSOM plus amino
is homologous to the human U2af 35,000-Da splicing factor acids (Ho et al., 1995) at 377C in an atmosphere containing 5%
(Latham et al., 1995)) or the position on two-dimensional CO2:5%O2:90% N2. Unless otherwise stated in the text or ®gure
gels suggested a likely candidate (e.g., hsp70.1 (Bensaude et legends, mid 2-cell, late 2-cell, and 4-cell embryos were ¯ushed
al., 1983; Christians et al., 1995). The generation of cDNA from either the oviducts 41±44, 50±52, or 65±67 hr post-hCG,
respectively.libraries to preimplantation embryos at different stages
of development, coupled with subtraction hybridization
methods (Rothstein et al., 1992), has made some inroads to [35S]Methionine Metabolic Radiolabeling of Mousethe systematic identi®cation of genes that are transiently
Embryos, One-Dimensional SDS±PAGE, and Two-expressed during the 2-cell stage. The mRNA differential
Dimensional Electrophoresisdisplay method (Liang and Pardee, 1992), as adapted for pre-
implantation mouse embryos (Zimmermann and Schultz, For one-dimensional SDS±PAGE to analyze TRC expres-
sion, embryos (30) were metabolically radiolabeled by in-1994), provides an ideal approach to identify genes whose
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cubating them in amino acid-free KSOM containing 1 mCi/ primers and an RT±PCR assay that uses exogenously added
globin mRNA as an external standard (Temeles et al., 1994;ml of [35S]methionine (sp act 1000 Ci/mmole, Amersham)
for 3 hr. The embryos were then washed in MEM/PVP and Latham et al., 1994). For the primers that amplify eIF-4C
cDNA, semi-log plots of the amount of radiolabeled cDNAtransferred in a minimal volume (3 ml) to a tube containing
Laemmli sample buffer (Laemmli, 1970). A portion was re- product as a function of cycle number were used to deter-
mine the range of cycle number over which cDNA produc-moved to determine acid-insoluble radioactivity, and equal
numbers of cpm (45,000) were applied to a 10% SDS±PAGE tion was linear (see below). The assay can be used to com-
pare the relative abundances of one mRNA among differentgel. Following electrophoresis the gel was dried down, im-
aged with a Molecular Dynamics b-phosphorimager, and samples, but not the absolute abundance of one mRNA to
that of another (Temeles et al., 1994; Latham et al., 1994;the data were quanti®ed using ImageQuant software. To
calculate the relative rate of TRC synthesis, the number of Ho et al., 1994, 1995).
The oligonucleotide primers designed for ampli®cationphosphorimager units in the region of the TRC in the 1-
cell embryos was determined and this was divided by the of eIF-4C, b-actin, and a-globin and the respective sizes of
the cDNAs generated are listed in Table 1; all PCR reactionstotal number of phosphorimager units in the lane. Likewise,
this fraction was calculated for the experimental groups (see were performed in a Perkin±Elmer Cetus 9600 thermocy-
cler. The basic program for eIF-4C, b-actin, and a-globinFigs. 5 and 7). The percentage of TRC synthesis was then
calculated by subtracting the fraction obtained for the 1- was a 957C soak for 1 min, followed by a cycle program of
957C for 10 sec, and then 607C for 15 sec; the last cycle wascell embryos (non-TRC contribution) from that present in
the other samples. followed by a 6-min extension at 607C. The intron-spanning
b-actin primers (second set of primers listed in Table 1)To determine the relative rate of eIF-4C synthesis by two-
dimensional gel electrophoresis, embryos (200±300) were were used as previously described (De Sousa et al., 1993).
The PCR was routinely done on 3±5 embryo equivalentsmetabolically radiolabeled as described above. The embryos
were then washed in CZB in which the BSA was replaced from a reverse transcription reaction containing 30±50 em-
bryo equivalents; for each experiment, however, the samewith 3 mg/ml PVP (Chatot et al., 1989) and subsequently
transferred to a tube containing 0.5 mg of human eIF-4C, number of embryos was subjected to reverse transcription.
The identity of the mRNA differential display cDNA cor-which was the generous gift of Dr. John Hershey, University
of California, Davis. Samples containing equal numbers of responding to eIF-4C was con®rmed by its ability to hybrid-
ize to the PCR product generated with eIF-4C-speci®c prim-acid-precipitable cpm (500,000) were then prepared for and
subjected to two-dimensional high-resolution gel electro- ers (data not shown). In addition, genomic contamination
could not account for the presence of the ampli®ed cDNA,phoresis (12% acrylamide separating gel) using the Investi-
gator-2-D electrophoresis system according to the manufac- since it was not detected when the reverse transcription
reaction was omitted (data not shown). Moreover, whenturer's instructions (Millipore). Following electrophoresis,
the gel was ®xed in 10% acetic acid, stained with Coomas- primers that generate different-sized ampli®ed cDNAs that
correspond to either genomic actin (330 bp) or actin tran-sie brilliant blue, and then destained in 10% acetic acid
containing 10% isopropyl alcohol. A region of the gel (5cm scripts (243 bp) were used (Tokunaga et al., 1986), only the
ampli®ed cDNA that corresponded to actin transcripts was1 5cm) was excised from the gel in which the stained eIF-
4C protein was located at the center. The gel was then dried detected (data not shown).
down, imaged with a Molecular Dynamics b-phosphorim-
ager, and the data were quanti®ed using ImageQuant soft-
ware. RESULTS
Identi®cation of eIF-4C as a Transiently ExpressedmRNA Differential Display
Gene in the 2-Cell Embryo Using mRNA
Total RNA was isolated from embryos at different stages Differential Display
of development and subjected to mRNA differential display
as previously described (Zimmermann and Schultz, 1994). Using the mRNA differential display method and a vari-
ety of 5* and 3* primers, we analyzed the cDNA pro®les ofcDNAs that exhibited an increase in the 2-cell embryos
relative to that in 1-cell and late 2-cell/4-cell embryos were 1-cell, mid 2-cell, and late 2-cell/early 4-cell embryos that
developed in vivo. Embryos were collected from the ovi-eluted, ampli®ed, and sequenced as previously described
(Zimmermann and Schultz, 1994; Temeles et al., 1994). ducts at the 1-cell (25 hr post-hCG), mid 2-cell (42 hr post-
hCG), or late 2-cell (52 hr post-hCG) stages. The RNA was
then isolated and subjected to reverse transcription. Three
Reverse Transcription±PCR Assay aliquots of each reverse transcription reaction, each con-
taining 2 embryo equivalents, were then subjected to PCR.RNA was isolated from embryos at different stages of
development and the relative changes in the abundance of Analysis of 35 different combinations of 5* and 3* primers
resulted in detection of 15 cDNAs that clearly revealed aeIF-4C transcripts was determined by using gene-speci®c
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TABLE 1
Primers Used for Reverse Transcription±PCR and Size of Diagnostic Ampli®ed cDNAs
Gene producta Primer Primer sequence cDNA size (bp)
eIF-4C 5* 5*-AAGAAGTCTGAAGGCCTATG-3* 170
eIF-4C 3* 5*-CAGAGAACTTGGAATGTAGC-3*
b-Actin (1) 5* 5*-GTGGGCCGCTCTAGGCACAA-3* 539
b-Actin (1) 3* 5*-CTCTTTGATGTCACGCACGATTTC-3*
b-Actin (2) 5* 5*-CGTGGGCCGCCCTAGGCACCA-3* 243 or 330
b-Actin (2) 3* 5*-TTGGCCTTAGGGTTCAGGGGGG-3*
a-Globin 5* 5*-GCAGCCACGGTGGCGAGTAT-3* 257
a-Globin 3* 5*-GTGGGACAGGAGCTTGAAAT-3*
a For eIF-4C, the 5* and 3* primers correspond to basepair positions 69±88 and 219±238, respectively, of differential display PCR clone
GB1 (Genbank Accession No. U28419) and to basepairs 507±526 and 657±676, respectively, of the human eIF-4C clone (Genbank Accession
No. L18960; Dever et al., 1994); for b-actin (1), the 5* and 3* primers correspond to basepairs 25±46 and 540±564, respectively, in the
mouse b-actin cDNA clone (Clontech) and for b-actin (2), the 5* and 3* primers correspond to basepairs 182±203 and 403±424, respectively,
in the mouse b-actin cDNA clone and also amplify a 330-bp fragment in the presence of an intron (Tokunaga et al., 1986); for a-globin,
the 5* and 3* primers correspond to basepairs 241±260 and 555±567, respectively, in the rabbit a-globin genomic clone (Cheng et al.,
1986).
transient increase in expression during the mid 2-cell stage Con®rmation of the Transient Expression Pattern
of eIF-4C(data not shown). A region of one such mRNA differential
display gel is seen in Fig. 1, and sequence analysis of the The observation that two different pairs of primers used
indicated ampli®ed cDNA revealed it to be the mouse ho- for mRNA differential display detected eIF-4C as a tran-
molog of human eIF-4C (Fig. 2) (Timmer et al., 1993); eIF- siently expressed gene minimized the likelihood that this
4C stimulates the formation of 43S preinitiation complexes, expression pattern was a methodological artifact. Neverthe-
as well as the dissociation of 80S ribosomes (Hershey, 1991). less, we con®rmed the transient increase in expression of
Another set of primers also detected the transient expres- eIF-4C during the 2-cell stage by an independent RT±PCR-
sion of an ampli®ed cDNA that corresponded to eIF-4C and based method that uses gene-speci®c primers (Temeles et
whose sequence was contained within that shown in Fig. 2 al., 1994).
(data not shown). At the nucleotide level the mouse se- Analysis of eIF-4C expression at the 1-cell, mid 2-cell,
quence is 88% homologous to the human sequence in the and early 4-cell stages using gene-speci®c primers revealed
deduced amino acid coding region, and at the amino acid a 4-fold increase between the 1-cell and mid 2-cell stages
level the sequence identity between the human and mouse and a corresponding 3.5-fold decrease between the 2-cell
is 90% (60/67). This high extent of homology over almost and 4-cell stages (Fig. 3). This increase in transcript abun-
50% of the coding sequence strengthens the conclusion that dance was likely due to an increase in transcription, as op-
the ampli®ed cDNA corresponds to the mouse homolog of posed to polyadenylation of a maternally derived transcript,
eIF-4C. since the increase was not observed when 1-cell embryos
were cultured to the 2-cell stage in the presence of a-amani-
tin at concentrations that inhibit transcription (Manejwala
et al., 1991) (Fig. 3). It should be noted that this transient
increase of eIF-4C mRNA was distinct from that of actin,
which decreases between the 1- and 2-cell stages and then
subsequently increases due to zygotic transcription (Tem-
eles et al., 1994) (Fig. 3). Taken in toto, these results strongly
suggest that a transient increase in abundance of eIF-4C
transcripts occurred between the 1-cell and 4-cell stages.
There are now several examples in which culture condi-
tions, presumably via oxidative stress, can in¯uence the
FIG. 1. Autoradiogram of ampli®ed cDNAs derived from 1-cell,
expression of genes at the 2-cell stage (Johnson and Nasr-mid 2-cell, and late 4-cell mouse embryos following mRNA differ-
Esfahani, 1994; Vernet et al., 1993; Christians et al., 1995).ential display. A region of the autoradiogram is shown. The arrow
Although the transient increase in the ampli®ed cDNA thatpoints to an ampli®ed cDNA that is transiently expressed during
corresponds to eIF-4C was observed in embryos that devel-the 2-cell stage. This ampli®ed cDNA was isolated and sequence
analysis revealed that it corresponds to eIF-4C. oped in vivo (Fig. 1), the results of experiments presented
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FIG. 2. Nucleotide sequence and deduced amino acid sequence of an ampli®ed cDNA corresponding to eIF-4C detected in mouse embryos.
(A) The sequence that is shown is a composite of two clones isolated with different primers whose sequences are underlined. The nucleotide
numbers correspond to those of the human sequence. The human sequence beyond the termination codon, which corresponds to TAA,
is not shown; this sequence diverges signi®cantly from that of the mouse (data not shown). (B) For the amino acid sequence, differences
are highlighted by bold typeface.
in Fig. 3 were obtained with embryos that were cultured in the transient increase in abundance of eIF-4C transcripts was
mirrored by a transient increase in the relative rate of synthe-vitro from the 1- to 2-cell stages. This transient increase
was not a culture artifact, since the magnitude of the in- sis of the protein encoded by this mRNA.
crease and decrease was the same for embryos that devel-
oped in vitro or in vivo (data not shown).
Cell Cycle Regulation of the Transient Increase in
eIF-4C and TRC Expression during the 2-Cell Stage
Transient Increase in the Relative Rate of eIF-4C The observation that transcription occurs in the 1-
Protein Synthesis cell embryo suggests that an event postfertilization but
prior to cleavage is involved in ZGA. A potential candidateResults of the previous experiments indicated a transient
increase in the abundance of eIF-4C transcripts. To ascertain for such an event is DNA replication, since there is an ever-
growing connection between DNA replication and trans-if a transient increase in the relative rate of synthesis of eIF-
4C protein also occurred, we determined the relative rate of cription (Wolffe, 1991b; Kamakaka et al., 1993; Almouzni
and Wolffe, 1993). Accordingly, we examined the effect ofsynthesis of eIF-4C in 1-cell, 2-cell, and 4-cell embryos by
measuring the incorporation of [35S]methionine into eIF-4C, inhibiting DNA replication on eIF-4C expression. In addi-
tion, to ascertain if the ®ndings for eIF-4C expression werewhich was localized following high-resolution two-dimen-
sional gel electrophoresis, relative to the total number of unique to eIF-4C, we also assessed the role of DNA replica-
tion in the expression of the TRC, which is an acceptedcpm applied to the gel; a similar approach has been used to
determine the rates of tubulin synthesis during preimplanta- molecular marker for ZGA and that also exhibits a transient
increase in its expression during the 2-cell stage.tion mouse development (Schultz et al., 1979). Results of
these experiments revealed a transient increase in relative Addition of aphidicolin, which is an inhibitor of DNA
polymerase (Ikegami et al., 1978), to 1-cell embryos priorrate of eIF-4C synthesis during the 2-cell stage (Fig. 4). Thus,
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cell stage, when compared to control embryos (Figs. 5B and
5C). In contrast, addition of aphidicolin to embryos late in
S phase had a less inhibitory effect (36%). The observation
that addition of aphidicolin when the embryos were late in
S phase had a markedly reduced inhibitory effect on expres-
sion of either the eIF-4C or the TRC minimized the possibil-
ity that the pronounced inhibition observed on expression
of these markers for ZGA following addition to 1-cell em-
bryos in G1 was due to secondary toxic effects.
The role of the second round of DNA replication on
eIF-4C transcript accumulation and TRC synthesis was
also examined. The second round of DNA replication was
FIG. 3. Changes in the relative amounts eIF-4C and actin tran- not necessary for the increase in expression of eIF-4C,
scripts between the 1- and 4-cell stages using gene-speci®c primers. since addition of aphidicolin to embryos 30 hr post-hCG
One-cell embryos (1C) were collected and cultured in either the did not prevent the increase that occurs by 44 hr post-
absence of a-amanitin (2C) or the presence of a-amanitin (24 mg/
hCG, i.e., mid 2-cell stage (Fig. 6A); at 30 hr post-hCGml) to the 2-cell stage (2C / am); 4-cell embryos (4C) were ¯ushed
the embryos were a mixture of 1- and 2-cell embryos andfrom the oviducts of mated females 58 hr post-hCG. Solid bars,
results of BrdUTP incorporation indicate that DNA repli-relative abundance of eIF-4C; open bars, relative abundance of ac-
cation has not yet initiated in the 2-cell embryos (Moore,tin. The data are expressed relative to the amount of transcript
present in the 1-cell embryo, which was set as 100. The experiment Ayabe, Kopf, and Schultz, unpublished results). In con-
was conducted six times for eIF-4C and the data are expressed as trast, when aphidicolin was added 30 hr post-hCG, the
means { SEM, and one time for actin. The differences between the normal decrease in the abundance of eIF-4C transcripts
relative abundance of eIF-4C between the 1-cell and 2-cell stages that occurs between the 2-cell and 4-cell stages was al-
and between the 2-cell and 4-cell stages are signi®cant (P  0.01,
most totally inhibited in the aphidicolin-treated, 2-cellANOVA); there is no signi®cant difference between the relative
cleavage-arrested embryos that were chronologically atabundance of eIF-4C in the 1-cell embryos and 1-cell embryos cul-
the 4-cell stage (Fig. 6A). Thus, addition of aphidicolintured to the 2-cell stage in the presence of a-amanitin.
prior to or during S phase inhibited the decrease in eIF-
4C transcript abundance that occurs between the 2- and
4-cell stages. Similar results were also observed with re-
spect to TRC synthesis, namely, inhibiting the secondto S phase resulted in a substantial inhibition (60%) in
round of DNA replication inhibited the decrease in TRCthe accumulation in eIF-4C transcripts that occurs by the
synthesis (Figs. 7B and 7C). As mentioned above, this in-mid 2-cell stage, whereas addition of aphidicolin in late S
hibitory effect of aphidicolin was unlikely due to second-phase had a less inhibitory effect (35%) (Fig. 5A). Like-
ary toxic effects, since addition of aphidicolin at 44 hrwise, addition of aphidicolin to 1-cell embryos prior to S
post-hCG, a time when DNA synthesis is essentiallyphase resulted in a marked inhibition of TRC synthesis
(90%) when the embryos were radiolabeled at the mid 2- completed in the 2-cell embryo (Moore, Ayabe, Kopf, and
FIG. 4. Transient increase in the relative rate of eIF-4C protein synthesis during the 2-cell stage. (A) Region of two-dimensional gel
containing eIF-4C. The position of human eIF-4C, which was added to the samples, is indicated by the arrow. Since equal numbers of
acid-insoluble counts were applied to each gel, the number of phosphorimager units corresponds to the relative rate of eIF-4C synthesis.
(A) 1-cell embryo; (B) 2-cell embryo; (C) 4-cell embryo; (D) Relative rate of 4-e-IF-4C synthesis in which the number of phosphorimager
units is expressed for each developmental stage.
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FIG. 5. Effect of inhibiting the ®rst round of DNA replication on accumulation of eIF-4C transcripts and relative rate of TRC synthesis.
(A) Effect on accumulation of eIF-4C transcripts. Aphidicolin (3 mg/ml) was added at 20 hr post-hCG (1C / aph(G1)) or 30 h post-hCG
(1C / aph(S)). In neither case did the embryos cleave to the 2-cell stage. The relative amount of eIF-4C transcript present in these treated
and untreated embryos was determined 44 hr post-hCG. The experiment was conducted three times and the data are expressed as the
mean { SEM. The difference between the values for 1C and 1C / aph(G1) are not signi®cant, whereas those between 1C and 2C and 1C
/ aph(S) are signi®cant (P  0.01, ANOVA. The difference between 1C / aph(G1) and 1C / aph(S), and the 1C / aph(S) and 2C are
signi®cant (P  0.05, ANOVA). (B) Images obtained from b-phosphorimager analysis to assess relative rate of TRC synthesis. Lane 1, 1-
cell embryos radiolabeled starting 20±23 hr post-hCG; lane 2, 1-cell embryos cultured to the 2-cell stage and radiolabeled starting 45±47
hr post-hCG; lane 3, 1-cell embryos cultured in the presence of aphidicolin (3 mg/ml), which was added 30 hr post-hCG (late S phase).
These embryos, which did not cleave to the 2-cell stage, were radiolabeled starting 45±47 hr post-hCG; lane 4, 1-cell embryos cultured
in the presence of aphidicolin (3 mg/ml), which was added 20 hr post-hCG (G1), and radiolabeled starting 45±47 hr post-hCG. These
embryos did not cleave to the 2-cell stage. The arrow points to the position of the TRC. The experiment was performed three times;
shown is a typical result. (C) Quanti®cation of the relative rate of TRC synthesis. The data are expressed as the mean { SEM. The
differences between the percentage of TRC synthesis when aphidicolin is added in G1 when compared to the 2-cell embryo is signi®cant
(P  0.01, ANOVA); whereas there is no signi®cant difference between the values when aphidicolin is added during S phase.
Schultz, unpublished results), did not prevent the de- Effect of Histone Hyperacetylation on Repression
of eIF-4C Expressioncrease in the abundance of eIF-4C transcripts (Fig. 6A).
The role of cytokinesis and karyokinesis in repression Results of previous experiments indicated that treatment
of eIF-4C expression was examined by adding either cyto- of mouse embryos with 100 nM trapoxin, which is an irre-
chalasin D (which inhibits cytokinesis by disrupting mi- versible and highly speci®c inhibitor of histone deacetylase
cro®laments) or nocodazole (which arrests the 2-cell blas- (Kijima et al., 1993), results in an increase in both histone
tomeres in M phase by disrupting microtubules and hence H4 acetylation and expression of the TRC (Worrad et al.,
the spindle) at the mid 2-cell stage (44 hr post-hCG), at 1995); the presence of hyperacetylated histone H4 in nucleo-
which time maximal expression of eIF-4C transcripts is somes is highly correlated with transcriptionally permissive
observed and then following culture, measuring eIF-4C chromatin (e.g., Jeppensen and Turner, 1993; Hebbes et al.,
transcript abundance in these cleavage-arrested embryos 1994; O'Neill and Turner, 1995). Moreover, treatment of
that were chronologically at the 4-cell stage. Results of mouse embryos with sodium butyrate, which also inhibits
these experiments indicated that the decrease in abun- histone deacetylase but has other nonspeci®c effects (Kruh,
dance of eIF-4C transcripts still occurred between the 2- 1982), prevents the decrease in TRC synthesis (Wiekowski
cell and 4-cell stages (Fig. 6B). Thus, neither of these two et al., 1993). Thus, changes in chromatin structure due to
events is required for the decrease in eIF-4C transcript chromatin remodeling that may occur during DNA replica-
abundance. This result was not unanticipated, however, tion may be involved, at least in part, in the decrease in
since the decrease in eIF-4C transcript abundance was expression of eIF-4C.
already observed in late 2-cell stage embryos, a time that To explore the role of chromatin structure in repression
of eIF-4C expression, we examined the effect of trapoxin onprecedes entry into M phase.
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(Hatada et al., 1995; Latham et al., 1995). Such a transiently
expressed ampli®ed cDNA corresponding to eIF-4C was in-
dependently detected with two different primer pairs, and
moreover, the temporal pattern of expression was con-
®rmed by an independent method that documents that the
transient increase in expression is inhibited by a-amanitin.
Results of these experiments, therefore, validate the use-
fulness of the mRNA differential display method to identify
temporally restricted changes in gene expression in the pre-
implantation mouse embryo as previously proposed (Zim-
mermann and Schultz, 1994). More important, however, isFIG. 6. Effect of cell cycle inhibitors on expression of eIF-4C. (A)
that the identi®cation of such genes by this method gener-Effect of aphidicolin. (Solid bars) Embryos collected 30 hr post-hCG
ates a set of molecular markers that can be used to assess(early 2-cell) and incubated to a time that corresponded to 44 hr
the molecular basis for ZGA and transient gene expressionpost-hCG (mid 2-cell) in either the absence (2C) or the presence of
aphidicolin (3 mg/ml) (2C / aph) or incubated further to the 4-cell independent of knowledge of their biological function.
stage in the absence (4C) or the presence of aphidicolin (4C / aph). We observe similar changes in the order of magnitude of
The amount of eIF-4C transcript present in the 2-cell embryos 44 expression of eIF-4C whether the embryos are cultured in
hr post-hCG was set as 100. (Open bars) Embryos collected 44 hr vitro or develop in vivo. In contrast, a much greater level
post-hCG and incubated to the 4-cell stage in the absence (4C) of expression of hsp 70.1 is observed when the embryos
or the presence of aphidicolin (4C / aph). The amount of eIF-4C
were cultured in vitro compared to the level of expressiontranscript present in the 2-cell embryos 44 hr post-hCG was set as
when they develop in vivo (Christians et al., 1995). Al-100. The experiment was conducted two times and the data are
though addition of superoxide dismutase to the culture me-expressed as the mean { range. When aphidicolin was added 44 hr
dium has no effect on the increase in the level of hsp 70.1post hCG, the values for 2C and 2C / aph are the same. (B) Effect
of nocodazole and cytochalasin D. Two-cell embryos (2C) were expression (Christians et al., 1995)Ðaddition of superoxide
¯ushed from oviducts 44 hr post-hCG and cultured in the presence dismutase to the culture medium results in a marked de-
of 3 mg/ml of nocodazole (Noc) or 1 mg/ml of cytochalasin D (CCD) crease in the expression of an HIV1-LTR lacz transgene
until the embryos were chronologically at the 4-cell stage (4C); under conditions in which ZGA still occurs (Vernet et al.,
none of the embryos cleaved to the 4-cell stage. Another group of
1993)Ðit should be noted that the embryos were cultured¯ushed embryos was cultured to the 4-cell stage in the absence of
in medium M16. The embryos used in our study are cul-either drug. The amount of eIF-4C in the treated embryos was
tured in KSOM containing amino acids (Ho et al., 1995).compared to that present in the 2-cell embryos, which was set as
This medium affords the best development documented to100. The experiment was conducted once for nocodazole and ®ve
times for CCD. The data are expressed as the mean { SEM. date with respect to rates of development and cell number
per embryo (Erbach et al., 1994), as well as maintaining the
levels of numerous transcripts to levels found in embryos
that develop in vivo (Ho et al., 1995). Thus, the similar
eIF-4C and TRC expression; trapoxin was a generous gift levels of expression that we observe for eIF-4C regardless
from Dr. Minoru Yoshida. The decrease in abundance of of whether the embryos develop in vitro or in vivo may
eIF-4C transcripts and relative rate of TRC synthesis that re¯ect the improved culture conditions used in our studies.
occurs between the 2-cell and 4-cell stages was inhibited The initial increase expression of eIF-4C could re¯ect the
when trapoxin was added to the culture medium 44 hr post- general increase in transcription that accompanies ZGA,
hCG, i.e., at the mid 2-cell stage and moreover, the tran- whereas the decrease in expression may be due to a tran-
script abundance and relative rate of TRC synthesis ap- scriptionally repressive environment that develops in the
peared greater in these treated embryos than in mid 2-cell 2-cell embryo (see below). For example, the spectrum of
embryos (Fig. 7). genes activated would re¯ect the complement of maternally
inherited transcription factors and enhancers and their con-
centrations, and the array of promoter and enhancer ele-
DISCUSSION ments that are utilized by each gene. Sustained transcrip-
tion would require that the gene be regulated by a strong
promoter and/or enhancer, whereas genes regulated byUsing the mRNA differential display method, we identi-
weak promoters/enhancers would become repressed, i.e.,®ed a gene that encodes eIF-4C and whose expression tran-
display a transient increase in expression (Schultz, 1993;siently increases during the 2-cell stage of the preimplanta-
Majumder and DePamphilis, 1995). Analysis of the pro-tion mouse embryo. eIF-4C is the third gene shown to be
moter and enhancer elements for eIF-4C will be necessarytransiently expressed during the 2-cell stage of the mouse
to explore this possibility. It should also be noted that thepreimplantation embryo; the other two are hsp 70.1 (Chris-
tians et al., 1995; Bevilacqua et al., 1995) and U2afbp-rs decrease in eIF-4C mRNA abundance that occurs between
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FIG. 7. Effect of aphidicolin and trapoxin during the second cell cycle on eIF-4C and TRC expression. (A) Effect of trapoxin on eIF-4C
expression. Two-cell embryos (2C) were ¯ushed from oviducts 44 hr post-hCG and cultured in the presence of 100 nM trapoxin (4C /
trp) or the absence of trapoxin (4C) until the embryos were at the 4-cell stage. The amount of eIF-4C in the treated embryos was compared
to that present in the 2-cell embryos, which was set as 100. The experiment was conducted twice and the data are expressed as the mean
{ range. (B and C) Effect of aphidicolin and trapoxin on the relative rate of TRC synthesis. (B) Images obtained from b-phosphorimager
analysis. Lane 1, 1-cell embryos radiolabeled starting 20±23 hr post-hCG; lane 2, 1-cell embryos cultured to the 2-cell stage and radiolabeled
starting 45±47 hr post-hCG; lane 3, 2-cell embryos cultured to the 4-cell stage and radiolabeled starting 67 hr post-hCG; lane 4, 1-cell
embryos in G2 to which aphidicolin was added (3 mg/ml) that cleaved to the 2-cell stage and then radiolabeled starting 67 hr post-hCG;
lane 5, 2-cell embryos cultured in the presence of trapoxin (100 nM), which was added 45 hr post-hCG, i.e., after S phase, and radiolabeled
starting 67 hr post-hCG. The arrow points to the position of the TRC. The experiment was three times and the results of a typical
experiment are presented. (C) The relative rate of TRC synthesis. The data are expressed as the mean { SEM. The difference between 2C
and 4C / aph is not signi®cant, whereas the differences between 2C and 4C, and 2C and 4C / trap are signi®cant (P  0.01, ANOVA).
The difference between 4C and 4C / aph is also signi®cant (P  0.03, ANOVA).
the mid and late 2-cell stages, i.e., within 8 hr, implies that The proposal that the ®rst round of DNA replication is
closely linked to ZGA seemingly contradicts the observa-this transcript has a relatively short half-life.
The interpretation of previous results that ZGA occurs tion that reporter gene expression in aphidicolin-treated,
cleavage-arrested 1-cell embryos that are chronologically atduring the 2-cell stage and that it is independent of cell
cycle progression led to the proposal that ZGA is regulated the 2-cell stage is not inhibited and in fact is enhanced
relative to untreated embryos (e.g., Chen et al., 1986; Wie-by a time-dependent mechanism, i.e., a zygotic clock. For
example, neither aphidicolin nor cytochalasin inhibits the kowski et al., 1991, 1993). It must be emphasized, however,
that since these reporter genes lack suitable origins of repli-onset of expression of the endogenous TRC genes in these
cleavage-arrested 1-cell embryos that are chronologically at cation they do not replicate following microinjection (De-
Pamphilis et al., 1988), and as carefully pointed out ``thethe 2-cell stage. Nevertheless, the time of addition of aphidi-
colin in these experiments (Howlett, 1986; Poueymirou and expression of embryonic genes reveals the ability to express
genes that undergo DNA replication, whereas expressionSchultz, 1987) appears to have been during S phase and
examination of the gels reveals that synthesis of the TRC of plasmid-encoded genes reveals the capacity of cells to
transcribe DNA in the absence of its replication.'' (Heneryoccurs, albeit at a lower level. In addition, TRC synthesis
is also reduced if aphidicolin is added prior to entry into S et al., 1995). Thus, this fundamental difference most likely
accounts for the difference in the requirement for DNAphase (Wiekowski et al., 1991), and we report here a similar
observation. These results, coupled with the ®nding that replication for expression of endogenous and exogenous
genes. Although results of experiments using plasmid-bear-the 1-cell embryo is transcriptionally active (Latham et al.,
1992; Ram and Schultz, 1993; Matsumoto et al., 1994; ing reporter genes has led to a number of important insights
regarding the regulation of gene expression in the preim-Christians et al., 1995; Bouniol et al., 1995) suggest a role
for DNA replication in the onset of ZGA, and our results plantation mouse embryo, our results reenforce the need to
study the regulation of endogenous genes.indicate that such is the case, since the ®rst round of DNA
replication is required for the accumulation of eIF-4C tran- Chromatin is inherently transcriptionally repressive
(Felsenfeld, 1992). DNA replication, however, disrupts as-scripts and the increase in the relative rate of TRC synthe-
sis. Thus, ZGA of these two endogenous genes, and perhaps sembled nucleosomes and this could provide a window of
opportunity for maternally derived transcription factors toall endogenous genes, appears tightly coupled to the ®rst
round of DNA replication. bind to their DNA-binding regulatory sequences (Wolffe,
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1991a,b; Felsenfeld, 1992; Kamakaka et al., 1993). The tran- the decrease in expression of these genes and in fact appears
to enhance their expression.scription factors could bind to either free DNA or maturing
nucleosomes; transcription factors can bind to core nucleo- Results of reporter gene experiments suggest that a tran-
scriptionally repressive environment develops in the 2-cellsomes ([H3/H4]2), but not to fully assembled nucleosomes
organized about a histone octamer core (Wolffe, 1991a,b). embryo (Wiekowski et al., 1991, 1993; Majumder et al.,
1993; Henery et al., 1995). The competition model describedConsistent with this proposal is that the increase in nuclear
concentration of both Sp1 and the TATA box-binding pro- above may be one component in the formation of this re-
pressive state (Schultz and Worrad, 1995). Another compo-tein TBP that occurs during the ®rst cell cycle of the 1-
cell embryo requires DNA replication (Worrad et al., 1994). nent could be the expression of trans-acting repressors as a
consequence of ZGA. In fact, given our observations impli-Likewise, the enrichment at the nuclear periphery in the 2-
cell embryo of chromatin bearing hyperacetylated isoforms cating DNA replication in the expression of endogenous
genes, the results reported by Henery et al. (1995)Ðhigherof histone H4, which is highly correlated with transcription-
ally permissive chromatin (Hebbes et al., 1994; O'Neill and levels of reporter gene expression are observed in aphidi-
colin-treated embryos when compared to levels of expres-Turner, 1995), requires DNA replication (Worrad et al.,
1995; Nayak and Schultz, unpublished results). Thus, we sion observed following transfer of the pronucleus injected
with the reporter gene to a 2-cell embryoÐare consistentpropose that the 1-cell embryo inherits a functional tran-
scription apparatus, i.e., RNA polymerase II and transcrip- with this proposal, since the repressors would be absent
(or present in reduced concentrations) in the aphidicolin-tion factors/enhancers, and that the onset of ZGA is gov-
erned by the ®rst round of DNA replication, which provides treated embryos but would be present in the 2-cell embryos.
The second round of DNA replication could provide an op-an immediate opportunity for the transcription machinery
to gain access to promoters and enhancers. portunity for these repressors to bind to their DNA binding
sites and therefore augment the development of a transcrip-We observe that inhibiting the ®rst round of DNA replica-
tion inhibits expression of either the TRC or eIF-4C. In tionally repressive state starting in the 2-cell embryo.
In summary, we have identi®ed eIF-4C as a gene whosecontrast, expression of HSP70.1 is reported to be relatively
insensitive to inhibition by aphidicolin (Christians et al., expression transiently increases during the 2-cell stage.
Based on our results using eIF-4C as a molecular marker for1995). In that study aphidicolin was added 22±24 hr post-
hCG, and if the timing of DNA replication in the F1 hybrids the expression of an endogenous gene that resides in a nor-
mal chromatin context we propose that the ®rst round ofused (C57BL6XCBA) is similar to that in our mice
(B6D2F1XCF-1), our results on the incorporation of bromo- DNA replication is permissive with respect to transcription
by providing the opportunity for transcription factors todeoxyuridine using highly synchronized 1-cell embryos
(Moore, Ayabe, Kopf, and Schultz, unpublished observa- bind to their DNA-binding sequences and that the second
round of DNA replication is repressive by displacing pre-tions) indicate that the embryos would have already entered
S phase, which commences about 20±21 hr post-hCG. Once viously assembled transcription complexes with the con-
comitant formation of nucleosomes.S phase is initiated, we observe that the expression of both
the TRC and eIF-4C occurs to a signi®cant extent. This
may provide an explanation for the apparent differences in
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